Abstract CeO 2 promoted with either 1 wt% Pt or 1 wt% Pd was evaluated as a model system for passive NO x adsorber applications. According to NO x storage experiments conducted over the temperature range 80-160°C, promotion with Pt resulted in higher NO x storage efficiencies than for the Pd-promoted material. However, for NO x storage at 80 and 120°C, the latter released more NO x below 350°C during temperature-programmed desorption in relative and absolute terms, the Pt analog releasing most of its stored NO x above 350°C. DRIFT spectra showed that the use of Pd leads to preferential adsorption of NO x in the form of nitrites, while predominately nitrate formation is observed over the Pt promoted material. Overall, the use of Pd promoted CeO 2 is preferred for low temperature NO x storage and release due to its ability to store NO x as thermally labile nitrites.
Introduction
If automotive manufacturers are to meet future emission standards, reducing cold start emissions is imperative. This is particularly true for lean burn engines, for which the mitigation of NO x emissions is especially challenging. Current technology for NO x mitigation in lean burn systems is based on the use of Lean NO x Trap (LNT) and Selective Catalytic Reduction (SCR) catalysts that display limited activity below 200°C. Moreover, in the case of urea-SCR, the slow rate of urea decomposition limits the ability to deploy this technology at low operating temperatures. Urea decomposition occurs in two steps [1, 2] : in the first, the urea releases one equivalent of NH 3 and one equivalent of isocyanic acid (HNCO); the latter is then hydrolyzed to NH 3 and CO 2 . However, at low temperatures deposits can accumulate on the catalyst, in the form of undecomposed urea, or compounds (such as melamine complexes) which result from side reactions of the HNCO [3] . Given that the accumulation of these compounds can poison the SCR catalyst at low temperatures, in practice urea injection is typically ramped in the temperature range *150-200°C, i.e., sub-stoichiometric amounts of urea are injected (to minimize catalyst poisoning at the expense of unconverted NO x ), stoichiometric urea injection beginning at ca. 200°C [4] . This, in turn, limits the achievable NO x conversion.
To address this problem, the use of passive NO x adsorbers (PNAs) has been suggested as a solution for the NO x slip emitted during cold starts [5] . The use of a passive NO x adsorber (PNA) coupled with an SCR catalyst was first mentioned by Ford Motor Company in a 2001 patent in which a PNA consisting of c-Al 2 O 3 promoted with platinum was claimed [6] . Ji et al. [7] recently studied Pt/ Al 2 O 3 and Pt/La-Al 2 O 3 for PNA applications, finding that the addition of 1 wt% La to Al 2 O 3 resulted in the creation of new NO x storage sites and improved NO x storage efficiency. However, according to TPD measurements, Pt/LaAl 2 O 3 exhibited slightly lower NO x desorption efficiency below 250°C than Pt/Al 2 O 3 . DRIFTS measurements indicated that during NO x -TPD, nitrites and weakly bound nitrate species were initially removed from the surface of Pt/Al 2 O 3 and Pt/La-Al 2 O 3 , NO x desorption at higher temperatures ([250°C) being mainly associated with nitrate decomposition. The use of Ag/Al 2 O 3 for low temperature NO x storage has also been reported [8, 9] , albeit the presence of H 2 is required for NO oxidation and adsorption below 200°C. In a recent report by Honda, the use of a NO x trap three-way catalyst (N-TWC) consisting of Pd on ZSM-5 was able to reduce NO x and hydrocarbon emissions during cold starts which has proven to be a problem for traditional TWC catalysts [10] .
Ceria and ceria-containing systems also represent interesting candidates for PNA applications given that anionic vacancies in the crystal lattice [11] [12] [13] [14] have been found to facilitate NO x adsorption [15] [16] [17] . Information concerning the mechanism of NO x storage on ceria has been provided by the results of several studies employing Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) measurements. Philipp et al. found that the adsorption of O 2 and NO on bare ceria at 50°C resulted in the adsorption of NO as a nitrite which subsequently underwent oxidation to nitrate [18] . In the case of NO/O 2 adsorption on Pt/CeO 2 , Ji et al. [19] observed the formation of nitrites at 25°C, while at 200°C nitrates were formed almost exclusively. Luo et al. [20] also studied NO/O 2 adsorption on Pt/CeO 2 in the presence of O 2 and concluded that NO x is initially stored as nitrite. In a similar vein, a 2012 patent claims the use of Pd supported on CeO 2 as a PNA [21] and indicates that NO does not need to be oxidized to NO 2 for storage to occur. Subsequently, Chen et al. [22] reported that a diesel Cold Start Catalyst (dCSC TM ) incorporating the PNA from the aforementioned patent (together with a hydrocarbon trap), has the ability to store NO x as a nitrite, as opposed to nitrate, thereby making it easier to regenerate the NO x storage function of the catalyst. Recently, Yang et al. [23] reported DRIFTS data for Pd/CeO 2 -ZrO 2 -Pr 2 O 3 catalysts exposed to stoichiometric CO ? HC ? NO x ? O 2 reaction conditions. For ceria-rich catalysts, nitrites were the main surface species formed at 50°C, while zirconia-rich compositions favored the formation of nitrates; this was attributed to the increased concentration of active oxygen species at higher Zr content, facilitating nitrite oxidation to nitrate.
Herein we report a comparison of 1 wt% Pt and Pd supported on ceria for PNA use. Although ceria is typically stabilized with other metals for automotive applications [24] , in this study we used an unstabilized ceria support in order to simplify data interpretation. The NO x storage and desorption efficiencies of the catalysts were evaluated at several temperatures, in both the presence and absence of CO 2 and H 2 O, and the ability of the catalysts to store and release NO x upon repeated adsorption-desorption cycling was ascertained. DRIFTS measurements were utilized to understand the surface species present during NO x adsorption and desorption.
Experimental Methods

Catalyst Preparation
CeO 2 was prepared by precipitation from aqueous Ce(NO 3 ) 3 [25] and calcined in air at 500°C for 3 h. 1 wt% Pt or Pd was loaded onto the CeO 2 by means of incipient wetness impregnation using aqueous solutions of [Pt(NH 3 ) 4 ](NO 3 ) 2 or Pd(NO 3 ) 2 ÁxH 2 O. The resulting samples were calcined at 500°C for 3 h in a muffle furnace.
Catalyst Characterization
X-ray powder diffraction analysis was conducted on a Phillips X'Pert diffractometer using Cu-Ka radiation (k = 1.540598 Å ). Diffractograms were recorded between 5°and 90°(2h) with a step size of 0.02°. Brunauer-Emmett-Teller (BET) surface area and pore volume measurements were performed by nitrogen physisorption at -196°C using a Micromeritics Tri-Star 3000 system. Catalyst samples were outgassed overnight at 160°C under vacuum prior to measurements.
Pt and Pd dispersions were determined by means of pulsed CO chemisorption at -78°C using a Micromeritics AutoChem II Analyzer. Samples (250 mg) were loaded into the reactor and reduced in 10 % H 2 /Ar at 300°C for 10 min. In each case the sample was then purged with Ar for 20 min at the same temperature to remove residual H 2 and then cooled to -78°C prior to CO chemisorption. During the measurements 100 ll of CO was pulsed into the reactor every 2 min, the CO signal being monitored with a thermal conductivity detector (TCD). CO pulsing was terminated when the TCD signal reached a constant value, i.e., the precious metal sites were saturated with CO. Assuming a 1:1 ratio of CO to surface Pt and Pd atoms, the metal dispersion was calculated based on the amount of CO adsorbed. The Pt dispersion was also measured for Pt/CeO 2 using H 2 chemisorption at -78°C, the value obtained (42 %) showing good agreement with that obtained by CO chemisorption at -78°C (46 %).
Materials for electron microscopy were supported on Cu grids purchased from Electron Microscopy Sciences. Transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM) studies were conducted using a field emission JEOL 2010F with a URP pole piece, GATAN 200 GIF, GATAN DigiScann II, Fischione HAADF STEM detector, Oxford energy-dispersive X-ray detector and EmiSpec EsVision software. STEM measurements were acquired for 1 %Pd/CeO 2 using a high-resolution probe at 2 Å .
NO x Storage and Desorption Measurements
NO x storage and desorption efficiencies of the catalysts were determined in a quartz microreactor with a Pfeiffer Thermostar GSD301 mass spectrometer as the detector. Prior to measurements samples (170 mg) were pretreated at 550°C for 10 min under a flow of 5 % O 2 in He (120 sccm) and then cooled to room temperature under flowing Ar. Samples were then equilibrated under a flow of 3.5 % H 2 O, 5.0 % CO 2 and 5 % O 2 (bal. He, 120 sccm) at the designated storage temperature; typically, this took 15 min, at which point the feed and effluent H 2 O and CO 2 concentrations were equivalent. NO x storage was initiated by adding 300 ppm NO to the feed. Storage experiments were conducted at 80, 120 and 160°C using a 5 min storage time. In all cases, a total flow rate of 120 sccm was used, corresponding to a gas hourly space velocity (GHSV) of ca. 30,000 h -1 . At the completion of the storage period the feed gas was switched to bypass mode and the NO flow was switched off. When the NO concentration had dropped to zero, the gas was re-directed to the reactor and temperature programmed desorption (TPD) was carried out to study NO x desorption behavior using a ramp rate of 10°C/ min from the storage temperature up to 500°C.
To understand the effect of multiple storage-desorption cycles, cycling experiments were also performed. Catalyst pretreatment and NO x storage were performed as described above (using a storage temperature of 120°C), after which TPD was performed up to 350°C at a ramp of 10°C/min under the same lean feed gas with the exclusion of NO. Subsequently, the temperature was lowered to 120°C for the next NO x adsorption-desorption cycle. A total of five cycles were performed for both Pt/CeO 2 and Pd/CeO 2 .
NO x storage efficiency (hereafter denoted as NSE) is defined as the percentage of NO x passed over the catalyst that is stored, while NO x desorption efficiency (hereafter denoted as NDE) is defined as the percentage of stored NO x desorbed during TPD, i.e.:
in which t is the NO x storage time; [NO] in is the inlet NO x concentration during NO x storage; [NO x ] out is the outlet NO x concentration during either NO x storage or the subsequent NO x desorption period; t(To) is the start time of NO x -TPD corresponding to the NO x storage temperature before the temperature is raised; t(T) is the end time of NO x -TPD corresponding to the desired NO x desorption temperature.
DRIFTS Measurements
DRIFTS measurements were performed to monitor the surface species involved in NO x adsorption and desorption. Measurements were performed using a Nicolet 6700 IR spectrometer equipped with a Harrick Praying Mantis accessory and MCT detector. The reaction cell was sealed with a dome equipped with two ZnSe windows and one SiO 2 observation window. The temperature of the reactor cell was controlled and monitored by a K-type thermocouple placed beneath the reaction chamber. For each DRIFT spectrum an average of 115 scans was collected (requiring ca. 1 min) with a resolution of 4 cm -1 . The spectrometer as well as the outside of the reaction cell were continuously purged with dry nitrogen to avoid diffusion of air into the system. Catalyst samples (*50 mg) were pretreated in situ in 5 % O 2 /Ar (120 sccm) at 500°C for 1 h in order to remove moisture and carbonates, after which background spectra were collected (using the same feed gas) in the range 500-100°C at intervals of 50°C. NO x storage was carried out at 100°C for 30 min using a feed consisting of 5 % O 2 /Ar and 300 ppm NO (120 sccm). During NO x storage, spectra were collected as a function of time. After 30 min of NO x storage, TPD was performed in flowing 5 % O 2 /Ar flow (120 sccm), the temperature being raised from 100 to 500°C at a rate of 10°C/min. DRIFT spectra were recorded during TPD at intervals of 50°C. Absorbance spectra were obtained by subtracting background spectra from the spectra collected during NO x storage and desorption.
Results and Discussion
Sample Characterization
Analytical data for the two PNA samples prepared in this work are collected in Table 1 . After calcination at 500°C the powder X-ray diffractogram of the CeO 2 support contained diffraction lines corresponding to (111), (200), (220), (311), (222), (400), (331), (420) and (422) crystal planes (data not shown), characteristic of the fluorite crystal structure of CeO 2 . The average CeO 2 particle size calculated using the Scherrer equation was 13.2 nm. From N 2 physisorption data a BET surface area of 75.1 m 2 /g was obtained, which is typical of CeO 2 prepared by precipitation methods [24] . Upon loading with 1 wt% Pt and 1 wt% Pd (followed by calcination) the specific surface area decreased to 71.7 and 71.3 m 2 /g, respectively, indicative of minimal pore filling of the support. CO chemisorption results indicated an average Pt particle size of 2.71 nm for the Pt/CeO 2 , the average Pd particle size being 2.83 nm in the Pd/CeO 2 sample (Table 1) . Consistent with the highly dispersed nature of the Pt and Pd in these samples, diffraction lines for Pt and Pd were not observed in their X-ray diffractograms. TEM analysis of 1 wt% Pd/CeO 2 revealed that the CeO 2 crystals possessed a rod-like structure (data not shown). Individual Pd particles could not be imaged.
NO x Adsorption
NO x storage temperatures of 80, 120, and 160°C were utilized during NO x storage-desorption studies. The minimum temperature of 80°C was chosen based on published data from Ford Motor Co. [26] showing that for a 4.4 L diesel engine the exhaust gas temperature behind a diesel oxidation catalyst (DOC), upstream of an SCR catalyst, reaches *60°C after the first *10 s of a cold start, whereas temperatures greater than 180°C are not obtained for *180 s. Five minute NO x storage efficiency (NSE) data for CeO 2 , 1 wt% Pt/CeO 2 , and 1 wt% Pd/CeO 2 are shown in Fig. 1 . Notably, the addition of Pt to CeO 2 improved the NSE by more than a factor of two at 120°C at all times during the 5 min storage experiment. In comparison, the addition of Pd produced an increase of only 37.4 % in the 5 min NSE compared to the bare CeO 2 sample. Both Pt/CeO 2 and Pd/CeO 2 exhibited similar storage trends with respect to temperature, i.e., higher storage temperatures resulted in higher NSE (and hence higher amounts of stored NO x ), this effect being most prominent for Pt/CeO 2 . As described below, this is can be attributed to the increase in oxygen mobility at the CeO 2 surface at higher temperatures. Additionally, in the case of Pt/CeO 2 , an increase in the rate of NO oxidation can be expected in this temperature span, given that NO oxidation on Pt typically lights-off at temperatures in the range 100-200°C [27] . Hence, increase of the temperature in this range should result in significantly enhanced rates of nitrate formation, with an accompanying increase in NSE. In the case of Pd, NO oxidation activity is comparatively low, even at high temperatures [28, 29] . Consequently, at each temperature Pt/CeO 2 stored significantly more NO x than Pd/CeO 2 , as exemplified by 1 min NSE values at 160°C of 78.7 % for Pt/CeO 2 and 31.1 % for Pd/CeO 2 .
NO x Desorption
NO x -TPD profiles obtained after NO x storage at 120°C are shown in Fig. 2 . In each case two NO x desorption events were evident. The first occurred below 300°C, while the second was characterized by a desorption maximum in the range 300-500°C. The addition of Pt shifted both desorption peaks to lower temperatures compared to bare CeO 2 , while the addition of Pd to CeO 2 shifted only the high temperature desorption peak to lower temperature. Both Pd/CeO 2 and the CeO 2 support released relatively more NO x at lower temperatures (compared to the higher temperature desorption peak) in comparison with Pt/CeO 2 ; for the latter, the vast majority of the stored NO x was released at temperatures in excess of 300°C.
The calculated NO x desorption efficiency (NDE) values for CeO 2 , Pd/CeO 2 and Pt/CeO 2 during thermal ramping to Table 1 Summary of CeO 2 particle size calculated from X-ray diffraction data, BET surface area (SA), pore volume, pore diameter, and metal particle size diameter determined by CO chemisorption [7] . This was attributed to the fact that NO oxidation results in the formation of nitrate species which are more thermally stable than the products of NO adsorption (nitrites). Moreover, NO which desorbs from Pt/ Al 2 O 3 can in principal be oxidized to NO 2 and re-adsorbed to form thermally stable nitrates. Similar reasoning can be applied to the samples studied in the present work. Figure 4 summarizes the absolute amount of NO x desorbed during TPD. Both Pt/CeO 2 and Pd/CeO 2 released increasing amounts of NO x with increasing NO x storage temperature. This trend was previously observed for Pt/ Al 2 O 3 and is a consequence of the increased amount of NO x stored at higher temperatures. Pt/CeO 2 released significantly more NO x upon ramping to 500°C than the Pd analog for all storage temperatures, again reflecting the greater amount of NO x stored. Notably, however, Pd/CeO 2 released more NO x below 350°C than Pt/CeO 2 for the 80°C and 120°C storage temperatures as a consequence of its superior NDE at lower temperatures. This suggests that Pd-based PNAs may offer advantages over their Pt analogs, particularly at lower temperatures.
Effect of CO 2 and H 2 O on NO x Adsorption/ Desorption
Storage/desorption studies were also performed in the absence of CO 2 DRIFTS spectra (vide infra). Figure 5 shows the measured NSE as a function of time, while Fig. 6 shows the corresponding NDE data. Both catalysts stored more than double the amount of NO x that was stored in the presence of CO 2 and water, indicating that CO 2 and water can competitively adsorb with NO x [30] . For example, Pt/CeO 2 stored 83.9 % of feed NO x after 1 min at 120°C, the corresponding NSE value measured in the presence of CO 2 and H 2 O being 41.3 %. According to the NDE data, Pd/ CeO 2 again released significantly more NO x at low temperatures (\300°C) than Pt/CeO 2 (Fig. 6) . However, NO x desorption above 350°C for Pd/CeO 2 was roughly double the amount of NO x released below 350°C, whereas the amount of high temperature and low temperature NO x release in the presence of CO 2 and water was roughly equal (Fig. 3) . The same pattern was observed for Pt/CeO 2 , significantly more NO x being released above 350°C in the absence of CO 2 and water than in the presence of CO 2 and water. This is a notable result, suggesting that in the absence of water and CO 2 the formation of nitrates is preferred, resulting in a higher proportion of NO x being stored as more thermally stable nitrate (vide infra). Indeed, in our previous study [19] of NO oxidation over Pt/CeO 2, addition of water to the feed resulted in a relative enhancement in the intensity of the nitrite bands present (relative to the nitrate bands) and also influenced the nature of the nitrate species formed, favoring the formation of nitrate species giving rise to an IR band at *1550 cm -1 as opposed to those associated with a band at *1525 cm -1 . Overall it was concluded that the adsorption of water on Pt/ CeO 2 both reduces the number of NO x adsorption sites and influences the nature of the adsorbed species, the data presented above being consistent with these earlier findings.
Adsorption/Desorption Cycling
For real world applications, a PNA would be cycled between ambient temperature (cold start) and an operating temperature at which some degree of NO x desorption would occur. For a light duty diesel engine, typical operating temperatures generally fall in the range *180-350°C [5]. To simulate this, cycling experiments were performed for both Pt/CeO 2 and Pd/CeO 2 with NO x storage at 120°C for 5 min, followed by heating to 350°C to induce thermal release of the stored NO x . This was repeated 5 times. Figure 7 displays the measured NSE as a function of cycle number and Fig. 8 summarizes the corresponding NDE data. In the case of Pt/CeO 2 a decrease in NSE was observed between the first and second storage phases, although the NSE decreased only marginally thereafter from one cycle to the next. For Pd/CeO 2 the NSE showed little variation, with only a slight decrease between the second and third cycles. Notably, both samples showed a progressive increase in NDE during ramping to 350°C with increasing cycle number. This observation suggests that as cycling proceeds, strong adsorption sites are initially filled from which relatively little NO x is released during thermal ramping. Consequently, as cycling proceeds, weak storage sites are increasingly utilized, from which NO x is readily desorbed.
DRIFTS Measurements
From the foregoing it is apparent that Pd/CeO 2 tends to release more NO x below 350°C during NO x -TPD than its Pt analog. In an effort to rationalize these results, DRIFT spectra were obtained for Pt/CeO 2 and Pd/CeO 2 catalysts during NO storage in the presence of O 2 at 100°C for 30 min (Fig. 9) . During NO storage on Pt/CeO 2 strong absorption bands were observed corresponding to a bridging nitrate (1611 cm -1 ) and monodentate nitrates at 1547 and 1522 cm -1 [30] [31] [32] . An additional strong band at 1634 cm -1 can be assigned to molecularly adsorbed NO 2 [33] . Weaker bands appeared at 1462, 1400, and 1313 cm -1 corresponding to two types of monodentate nitrites as well as a bidentate nitrite species, respectively [31, 32] . During the later stages of NO storage, a weak bidentate nitrite band also appeared at 1170 cm -1 (which is paired with the band at 1313 cm -1 ) [18] [19] [20] [19, 20, [30] [31] [32] . DRIFT spectra acquired during subsequent TPD are shown in Fig. 10 . In the case of Pt/CeO 2 , raising the temperature to 300°C resulted in the disappearance of the nitrite bands at 1459, 1310, and 1166 cm -1 .The bands at 1547 and 1514 cm -1 increased in intensity (with concomitant increases in the intensity of the related bands at 1227 and 1030 cm -1 ), reaching their maximum intensity at 300°C. Further increase of the temperature to 500°C resulted in a gradual weakening of the intensity of these disappeared by 200°C. It should also be noted that the position and intensity of the nitrate bands remained almost unchanged until the temperature reached 450-500°C, at which point the bands decreased in intensity. This suggests that for the Pd/CeO 2 sample the nitrite species which disappeared were not converted to nitrates, i.e., they underwent thermal decomposition. The above DRIFTS results indicate that compared to Pt/ CeO 2 , Pd/CeO 2 stores relatively more NO as nitrites, particularly at short storage times. We attribute this behavior to the lower NO oxidation activity of Pd [28, 29] . According to the literature nitrites can be formed via the interaction of NO with Ce 4? sites (Eqs. 1, 2) [17, [34] [35] [36] . Moreover, recent studies suggest the involvement of oxygen vacancies in the formation of nitrites and nitrates [15] [16] [17] 
The presence of Pt is not necessary for these reactions [15] [16] [17] [34] [35] [36] ; however, if present, Pt can fulfill several roles: Pt can chemisorb NO, which can then spill over onto the CeO 2 surface where the reaction depicted in Eqs. (1-3) can occur, or, if oxidation of NO occurs on Pt, the formed NO 2 can react with the ceria surface to form nitrates according to Eqs. (5-8) ; moreover, by dissociatively adsorbing O 2 , Pt can act as a conduit for the spillover of O onto the ceria surface, resulting in nitrite oxidation to nitrate. Notably, the rates of NO oxidation and O 2 dissociation on Pt are likely to be related, as shown recently for Pd [37] . Indeed, the importance of O 2 dissociation as the sole kinetically relevant step in NO oxidation on Pd was demonstrated by the finding that the rate of 16 O 2 -
18
O 2 exchange was equal to the NO oxidation rate at a given value of the oxygen chemical potential. Moreover, the rate law for steady state NO oxidation on Pd was the same as that for Pt, implying that the same kinetically relevant steps are involved. This suggests that both of the above Pt-mediated pathways for nitrate formation should be important. Given that Pd is an inferior NO oxidation catalyst compared to Pt, the formation of nitrate according to the pathways depicted in Eqs. (5-7) is less likely, particularly at low temperatures. However, it should be noted that as temperature increases the rate of oxygen mobility likewise increases and hence the rate of nitrite to nitrate oxidation (according to Eq. 7) would be expected to increase.
As indicated by the DRIFTS-TPD results presented above, nitrites are thermally less stable than nitrates, which explains why relatively more NO x is desorbed at low temperature (\350°C) for the Pd/CeO 2 catalyst compared to the high temperature release (350-500°C). While Pt/ CeO 2 stores more NO x , Pd/CeO 2 is more desirable for PNA use due to its ability to store NO as nitrites rather than nitrates, allowing Pd/CeO 2 to release more NO x below 350°C.
Conclusions
The NO x storage and desorption properties of Pt/CeO 2 and Pd/CeO 2 were investigated using microreactor and DRIFTS measurements. Promotion of CeO 2 with 1 wt% Pt and with 1 wt% Pd increased the amount of NO x storage compared to bare CeO 2 , Pt/CeO 2 showing significantly higher NSE than Pd/CeO 2 at all temperatures. However, for NO x stored at 80°C and 120°C, the use of Pd improved lower temperature NO x desorption (\350°C) compared to the Pt analog. During NO x storage and desorption cycling small decreases in NSE were initially observed for both samples, although stable NSE were achieved by the third adsorption-desorption cycle. Notably, both samples showed a progressive increase in NDE during ramping to 350°C with increasing cycle number, suggesting that as cycling proceeds strong adsorption sites are initially filled from which relatively little NO x is released during thermal ramping. Consequently, as cycling proceeds, weak storage sites are increasingly utilized, from which NO x is readily desorbed. DRIFTS measurements indicated that NO x was stored predominately as nitrates on Pt/CeO 2 , while on the Pd sample primarily nitrites were formed; this difference is ascribed to the lower NO oxidation activity of Pd compared to Pt. Nitrite species were weakly bound on both the Ptand Pd-containing samples, typically being removed by 250°C upon thermal ramping. The fact that NO x is primarily stored as nitrites on Pd/CeO 2 therefore explains its high NDE below 350°C.
